We work in a model where all CP violating phenomena have a common source. CP is spontaneously broken at a large scale V through the phase of a complex singlet scalar. An additional SU (2) L singlet vector-like down-type quark relates this high scale CP violation to low energy. We quantitatively analyze this model in the quark sector. We obtain the numerical values of the parameters of the Lagrangian in the quark sector for a specific ansatz of the 4 × 4 down-type quark mass matrix where the weak phase is generated minimally. Zbb vertex will modify in presence of the extra vector-like down-type quark. From the experimental lower bound of the partial decay width Z →bb we find out the lower bound of the additional down-type quark mass. Tree level flavor changing neutral current appears in this model due to the presence of the extra vector-like down-type quark. We give the range of values of the mass splitting ∆m B d in B 0 d −B 0 d system using SM box, Z mediating tree level and Z mediating one loop diagrams together. We get the lower bound of the scale V through the upper bound of the strong CP phase.
Introduction
CP violation is an important phenomena in the context of particle physics and cosmology. CP violation is directly observed in the decays of K and B mesons. The present experimental results [1] are consistent with the standard model(SM). The single phase present in the Cabibbo, Kobayashi, Maskawa(CKM) mixing matrix is responsible for this kind of CP violating phenomena. Present observational data of neutrino oscillations prove that neutrinos are massive. Minimal extension of the SM with neutrino mass generate neutrino mixing similar to the quark mixing. So the phases in the neutrino mixing matrix generate CP violating phenomena in the leptonic sector. The strong CP violation comes from non-perturbative instanton effects in the SM. This leads to the so called strong CP problem for which various solutions have been proposed. The bound on the electric dipole moment of neutron gives the bound on strong CP phase. In the context of cosmology baryon asymmetry in the Universe(BAU) gives an observational evidence for CP violation. Decay of heavy Majorana neutrino to lepton(both charged and neutral) and scalar(both charged and neutral) generate lepton asymmetry which violates CP [2] . One way of generation of baryon asymmetry is through sphaleron mediated process from lepton asymmetry.
Different CP violating processes are not related in general. So the question may arise whether it is possible to find a model where all kinds of CP violation have a common origin. In fact there are a few models [3, 4] . We work in the model proposed by Branco, Parada and Rebelo(BPR) [3] . CP breaks in this model spontaneously through a SU(3) C × SU(2) L × U(1) Y singlet complex scalar which gets a vacuum expectation value with nonzero phase,
exp(iα). This large scale phase is responsible for all kinds of CP violation. A vector-like down-type quark and three generations of right handed neutrinos relate the large scale phase to low energy CP violating phase in the quark sector and the leptonic sector respectively. We quantitatively analyze this model for the quark sector. In Section 2 we describe the model [3] in detail. In Section 3 we calculate parameters of the Lagrangian for a specific ansatz for the downtype quark mass matrix, under the assumption that additional down-type quark mass is larger than the standard down-type quark masses and using the experimental range of values of the CKM parameters and the standard down-type quark masses as the inputs. We take CKM matrix in "standard" parametrization [5] for convenience. Presence of a vector-like down-type quark generate flavor changing neutral current(FCNC) at the tree level. It changes the flavor preserving vertex as well. We see the effect in Z →bb decay in Section 3. In this Section we get the lower bound of the additional down-type quark mass from the experimental lower bound of Z →bb decay width. We also see the effect in ∆m B d of this additional down-type quark mass in the same Section 3. Using the parametric solution and the extra down-type quark mass bound to strong CP phase we get the lower bound on the scale V in Section 4. Section 5 contains concluding remarks.
The Model
The particle content of the standard model is The model of BPR [3] has the same gauge symmetry as the SM, viz., SU(3) C × SU(2) L × U(1) Y . But in addition it has discrete symmetries Z 4 × CP . There are also six additional multiplets in this model along with the SM particles. One is a totally gauge singlet complex scalar S. Others are the two chiralities of an SU(2) L singlet vector-like down-type quark D ′ , and three generation of gauge singlet right handed neutrinos N ′ R . These additional multiplets have the following
The primes on the fermion fields in Eq. (1) and Eq. (2) imply that they do not necessarily have definite mass. Under Z 4 the fields transform as,
while all the other fields remain invariant. The Yukawa interactions in this model are,
in the quark sector and 
Because of the terms a 2 , b 2 , b 3 and c 1 the field S can acquire a complex vacuum expectation value (VEV) : S = . It is natural to think that V ≫ v due to the fact that the scalar S is a gauge singlet.
Quantitative analysis in the hadronic sector
The VEV of Φ and S break the SU(3)
This generates mass terms. Mass part of the Lagrangian in the quark sector is,
where,
and
Since we are in a basis where Y u is diagonal with the real positive entities, the up-type quark mass matrix m 0 u will also be diagonal, m 0 u = diag(m u , m c , m t ). So the up-type fields u ′ are physical. We will call them u(unprimed) for future reference. This is our convention. The down-type quark mass term from Eq. (7) can be written by the following form
The above mentioned 4 × 4 down-type quark mass matrix is denoted by M . M can be diagonalized by bi-unitary transformation,
and M D is the mass of additional down-type quark. Let us consider the forms of U and U ′ as follows
Relations of the physical basis(unprimed) of the down-type quark fields to the original basis are
Clearly U diagonalizes M M † :
This gives the approximate relation [3, 6] 
where
is the effective mass matrix square for the standard down-type quarks under the assumption
and with
K is the CKM matrix and it is approximately unitary for the hermiticity of H . The other blocks of U in Eq. (12), under the assumption in Eq. (18) obtain the forms [6] R ≈ m
Here the CKM phase can be generated through the second term of H in Eq. (17) . Note that this term is not suppressed by the scale V because M Table 1 : Here θ ij 's are the CKM angles and δ CKM is CKM phase in "standard" parametrization of CKM matrix [5] . Experimental range of the sin of the CKM angles, CKM phase and the standard down-type quark masses are taken from PDG [1] . We randomly choose a set of the above inputs from their experimental range.
which can be parametrized as follows
where (17) becomes real symmetric. This implies that the CKM phase is zero. Now let us see minimally how we can generate a non zero CKM phase. To this end, we take the ansatz
So ultimately we have 10 variables which are f , ∆f , α, β and six elements of m 0 d . So we are in a position where we can find the parameters of the Lagrangian from Eq. (16) . We choose the values of the CKM parameters and the masses of the standard down-type quarks from their experimental range as in Table 1 . Using these values in the right hand side of the Eq. (16) we solve this equation for different values of β. We observe that there is a range of the values of β, −3.2 < β < 2.12, where Eq. (16) fails to give real solutions for the parameters of H for the entire range of values of the CKM parameters and the standard down-type quarks masses as in Table 1 . We get the real solutions outside this range of values of β.
To get the essence of the solutions let us show that how we have proceeded to reach the goal. First we write m 0 d and F D in the following forms: Table 2 : Two distinct sets of solutions of the Eq. (16) for the inputs of the rightmost column of Table 1 with β = ±3.5.
Here x 1 to x 6 are six independent dimensionless mass parameters of m 0 d . x 7 to x 9 are three independent dimensionless parameters of F D . We have written F D in Eq. (25) with a pre-factor √ x 7 . This makes x 7 dependence of Eq. (16) linear. The x 7 to x 9 are related to f , ∆f and α in the following way
For every set of inputs we have four sets of solutions. These can be divided into two pairs of sets, where within a pair, the two solutions are related only by change of signs for x 1 to x 6 . The solutions of different pairs have the values of the same order of magnitudes. We provide two distinct sets of solutions in Table 2 for a set of inputs in the rightmost column of Table  1 with β = 3.5 and β = −3.5. Inputs are chosen randomly from their experimental range in Table 1 . Table 3 for the different solutions in Table 2 . The R block of U as in Eq. (12) 
The numerator of R and S in above Eq. (27) Table 2 using Eq. (26).
forms for the Set-1 solution with β = 3.5 in Table 2 are
Now let us observe two parts of the H matrix in Eq. (17) . Using the Set-1 solution for β = 3.5 in Table 2 
It is interesting to see that two parts of H contributes roughly equally for many elements. The second part of H in Eq. (30) is new physics term and it is not suppressed. This feature is independent of the inputs we are giving. Another input independent feature is that the contribution of bare part to the mass of Table 3 for the solutions in Table 2 with β = 3.5. The contribution for the solutions β = −3.5 is nearly 99.71% as in Table 3 . Although bare mass term is gauge invariant, its contribution to the mass of D quark is subdominant. One conclusion we may draw from here that M D should be less than V for the validity of perturbation theory. Now let us see that how we can get more information about M D from Z → bb decay and how M D value affects B The presence of extra vector quark generates FCNC at the tree level. It also changes the flavor preserving neutral current. The interaction of Z and the standard down-type quark is
and the tree level couplings in SM are 
where y = m 
and the effective couplings are and hence the decay width Γ Z→bb , since by definition 0 ≤ U bb ≤ 1. Experimental data at the 1σ level given 0.37593 ≤ Γ Z→bb ≤ 0.37912 GeV [1] . So the gap between the SM lower bound 0.37655 GeV and the experimental lower bound 0.37593 GeV can be filled up by new physics. To keep Γ Z→bb inside this gap we need
From the definition of matrix U in Eq. (34) and using the form of S in Eq. (27) we see that U is proportional to 1/M 2 D which is unknown. Hence we can use the upper bound on U bb to obtain a lower bound on M D . We provide these bounds in Table 4 . The contribution of SM box [11] , Z mediated tree diagrams [12] and Z mediated one loop diagrams together in ∆m B d has been explictly calculated by Barenboim and Botella [13] , who give off diagonal term of B 
Here a and b are
whereĒ
The parameters involved in M Table 4 . We see that the range has a small negative shift in the negative β region and a small positive shift in the positive β region.
Here we cannot have any information about the scale V because of the cancellations of the scale from the numerator and the denominator in the second part of H as Yukawa part dominates over bare part in the mass of D. So the solutions are scale independent. To know about the scale we look for use of these solutions in strong CP.
Constraints from the Strong CP Phase
The existence of topologically nontrivial gauge transformations, and of field configurations which make transitions between the different topological sectors of the theory, leads to the existence of the new term Θ g 2 s 32π 2 F a µνF aµν in QCD action. This term violates parity P and time-reversal T . It will violate CP due to CP T invariance. Diagonalization of the mass matrix requires different U(1) rotation of the left handed fields and the right handed fields. So it effectively generates nonzero chiral rotation. This modifies the Θ toΘ, whereΘ = Θ + arg(det m), where m is quark mass matrix which appear inΨ L mΨ R , where Ψ contains all quarks. Now the model in which we are working, CP is invariant in the Lagrangian and breaks only spontaneously. So we cannot keep the Θ term in our Lagrangian. The mass terms are generated through spontaneous breaking of SU(2) L × U(1) Y and Z 4 symmetry. Since Θ is zero, we can writeΘ = arg(det m). At the tree level det m is real and henceΘ is zero. We should look for one loop correction of the quark mass matrix. Now, loop correction toΘ is
where Σ is self energy matrix. The one loop correction to the mass matrix has been explicitly done by Weinberg in [16] . Goffin, Segre and Weldon [17] have shown that only loops containing physical scalars give nonzero contribution to the strong CP phase. Yukawa coupling and mass matrix of the up-type quarks are real. So they cannot contribute to strong CP phase. Due to this fact the strong CP phase becomes
where M is the 4 × 4 down-type quark mass matrix as in Eq. (10) and Σ is now the 4 × 4 down-type quark self energy matrix. In this model there are three scalar h, s, and t which are originated from fluctuation about the vacuum, φ 1 → v + h and S → 1 √ 2 (V + s + it) exp(iα). These fields are not mass eigenstates. The physical scalars H k are related to these scalars h a (h, s, t) by orthogonal transformations, H k = R ka h a . In this basis the Yukawa couplings Γ a of the Lagrangian change to Γ k , where Γ k = R ka Γ a . The contribution of the physical scalars to self energy matrix 1 is
Although our obtained expression of self energy of fermions differ from the existing calculations of the same [6, 16, 17] in the sign of the first term, it is irrelevant because the first term of the Eq. (48) does not contribute to Eq. (47) due to the reality of the trace of hermitian matrix. So the strong CP phase will be
We can write the strong CP phase in terms of original Yukawa couplings of the Lagrangian.
Changing also the logarithmic part of Eq. (49) in the diagonal basis the dominant part of the strong CP phase comes from D quark mass. Then the strong CP phase will be
The above expression gives a nonzero value only when a = t and b = h. The explicit calculations of strong CP phase have been done earlier [6] . To keep the hierarchy between the scales v and the scale V and to avoid the fine tuning in the stationarity equations of the scalar potential in Eq. (6) we should consider two parameters c 1 and c 2 of the scalar potential small as O(v 2 /V 2 ). Light scalar mass M 1 remains of the order of v. The other two scalar masses become M 2 ∼M 3 ∼V . So the calculation of the order of magnitude of R kt R kh ∼2 sin(2α) v 3 V 3 [6] . In performing integrations we keep the assumption M 2,3 ≥2M D same as in [6] but 2M D ≥ M 1 is not valid for all β as in Table 4 and as we consider M 1 = M H = 150 GeV. Under the considerations M 2 and M 3 are nearly same and M 2,3 ≫2M D we get the following expression of strong CP phase
1 Weinberg [16] in the calculation of the contribution of the physical scalars to the fermion self energy in the Appendix-E missed a sign in the step of changing the variable of the integral k → k − px. Later Goffin, Segre and Weldon in [17] and Bento, Branco and Parada in [6] used the results of [16] without correcting the sign. The integrals are performed by Bento, Branco and Parada in [6] . Using our ansatz of the mass matrix of down-type quarks we have strong CP phase of the following form δΘ ≈ sin 2α 8π 2 ∆f (∆f + 2f)
The strong phase will vanish for ∆f =0, α=0, π/2, π, 2π. Weak phase will also vanish for those values of ∆f and α because for each value M 0 D † M 0 D and hence H become real symmetric. In terms of x parameters the form of strong CP phase using the relations in Eq. (26) we have
Present value of the experimental bound on electric dipole moment of neutron gives value of upper bound on strong CP phase, δΘ ≤ 2 × 10 −10 . We can convert the bound of δΘ to bound of the scale V using the Eq. (54), the solutions of the Eq. (16) and the bound of M D in Table  4 . We show the lower bounds on the scale V for the different values of β in Table 4 . The bounds on the scale V for the different sets of solution for the given inputs will differ within 1
TeV. There exists a tiny window on the scale V for the bound of δΘ for the expression in Eq. (54) which is small like v. We discard this result because the result come for fine cancellation among the terms inside the parenthesis in Eq. (54).
Conclusion
The model of BPR [3] claims that all CP violating phenomena can originate from a single phase which appears in the VEV of SM gauge singlet complex scalar S. Bento, Branco and Parada [6] started this work where they showed that the weak CP phase and the strong CP phase can have a common origin. BPR [3] extend this to the leptonic sector.
We have made quantitative studies of this model in the quark sector. We find the Lagrangian parameters for a specific kind of ansatz of down-type quark mass matrix where CKM phase is generated minimally. The Lagrangian of the BPR model is CP invariant. CP is broken spontaneously through a single phase α in the VEV of the singlet scalar S. Hence, the phase α and all other Lagrangian parameters are real. We find that the Lagrangian parameters are real outside a window of β values near zero. We also find that the contribution of the bare part to the mass of D quark is negligible compare to the Yukawa part. This observation is independent of β. One point we should make about the unitarity of U Eq. (12) . To calculate U we use the solution of the Eq. (16) where K is unitary. We calculate approximate R, S and T of Eq. (20) and Eq. (21) with the solutions Set-1 for β = 3.5 in Table 2 and the value of M D for the same solution in Table 4 . Putting these R, S and T and unitary K in U Eq. (12) to test its unitarity we see that U U † and U † U deviate from identity by the amount only O(10 −4 ) for a few elements. This deviation is not so sensitive to the parameters β.
We have observed that this kind of vector quark model cannot increase the partial decay width of Z →bb. So we find out the bound on U bb from the condition that the new physics decrease the SM value up to experimental lower bound of Γ Z→bb considering 1σ error of the total decay width of Z and the branching ratio of this decay mode of Z. So there are possibilities of different kind of new physics which can uplift the SM to the experimental upper bound. Here we also should point out about value of M H . If we change M H from 150 GeV to 100 GeV, the decay width of Z →bb decreases by nearly 0.01 MeV. M D remains almost same whereas V increases by nearly 0.34 TeV for β = 3.5. Where for changing of M H from 150 GeV to 300 GeV increases the decay width of Z →bb by nearly 0.007 MeV. M D remains almost same where V decreases by nearly 0.62 TeV for β = 3.5. We can make similar comments for the ∆m B d where scope of new physics remains. Here we have only small shift of the ∆m B d range from SM range. Actually huge uncertainty of B B d f B d = 221 ± 28 +0 −22 introduces huge uncertainty in theoretical value of ∆m B d . This part of our analysis is quite general and applies to any model containing extra down-type quarks, e.g., models inspired by E 6 grand unification.
The strong CP phase in this model is suppressed by inverse powers of V . It should be noted that we have used the solutions of the elements of the quark mass matrix to obtain lower bounds on V . There are, however, direct experimental limits on the mass of strongly produced massive quarks of charge −1/3. This lower bound of 199 GeV [18] is derived for a fourth generation down-type quark which is produced strongly in pair and decay to bZ via 1-loop FCNC. If this bound is assumed to hold for M D in the BPR model where FCNC exists at the tree level, the lower bound on V increases. For example, with β = −10, we now get V > 20.3 TeV, whereas for β = +10, we get V > 15.4 TeV.
